In this paper we report on the thermal unfolding of the tRNA-like structure present at the 3 1 end of turnip yellow mosaic virus (TYMV) RNA. Diethyl pyrocarbonate (DEP), sodium bisulphite, nuclease Sj and ribonuclease Tj were used as structure probes at a broad range of temperatures. In this way most of the nucleotides present in the tRNA-like moiety were analysed. The melting behaviour of both secondary and tertiary interactions could be followed on the basis of the temperature dependent accessibility of the individual nucleotides or bases towards the various probes. The three-dimensional model of the tRNAlike domain (Dumas et al., J.Biomol. Struct, and Dyn. 4_, 707 (1987)) was supported by the results to a large extent. The interactions occurring between the T-and D-loop appear to be more complex than proposed in the latter model. Additional evidence for the presence of the RNA pseudoknot (Rietveld et al., Nucleic Acids Res. 10, 1929) was derived from the fact that the three coaxially stacked helical segments in the aminoacylacceptor arm displayed different melting transitions under certain experimental conditions. Aspects of melting behaviour and thermal stability of double helical regions within the tRNA-like structure are discussed, as well as the applicability of nucleases and modifying reagents at various temperatures in the analysis of RNA structure.
INTRODUCTION
A model for the secondary structure of the tRNA-like 3 1 terminus of turnip yellow mosaic virus (TYMV) RNA has been reported earlier by Rietveld et al. (1) and Florentz et al. (2) (see also Fig. 1A ). The proposed model was based upon chemical modification and enzymatic digestion studies and sequence comparisons.
Although no standard cloverleaf like in tRNA was found, an aminoacyl acceptor arm could be constructed by the application of a new type of RNA folding (1, 4) .
Basepairing between the triple-G sequence in loop I with a triple-C sequence at the 3' side of stem II, gives rise to a small double helical segment which can be stacked coaxially between hairpin stem I and II. The result of this special type of interaction, referred to as pseudoknotting, is an arainoacyl acceptor arm comprising twelve basepairs like in standard tRNA (see Fig. IB) . Recently, this model was refined by Dumas et al. (3) , using modeling with molecular graphics. The outcome of the latter study is depicted in Fig. 1C . The tertiary structure illustrates the overall resemblance in shape between classical tRNA and this tRNA-like structure.
Chemical and enzymatic probes have been used for the determination of secondary and tertiary structure in RNA (for a review see 5) . The probes can also be used for obtaining information about the stability and melting behaviour of various structural elements in a RNA molecule. Up till now, this has been performed for three RNA species. Firstly, De Bruin and Klug (6) deduced the tertiary structure of a mammalian raitochondrial tRNA, lacking the dihydrouridine (DHU) stem and loop, by the use of diethyl pyrocarbonate (DEP) and dimethylsulphate (DMS) at various temperatures between 0° and 90°C.
Secondly, 5S ribosomal RNA from various sources was analysed by Kjems et al. (7) and Pieler et al. (8) . The use of DEP, DMS, sodium bisulphite and nuclease
Si not only provided insight into the secondary and tertiary structure of the ribosomal RNA itself but also yielded information on RNA unfolding in general.
Finally, it was shown that results obtained with chemical modification with DEP at various temperatures were in agreement with biophysical data collected for the 3' terminal 49 nucleotides colicin fragment of 16S rRNA (9).
In this paper a detailed analysis of the structure and stability of the tRNAlike domain at the 3 1 end of TYMV RNA is presented. A 112 nucleotides long, specifically end-labelled 3' terminal RNA fragment (see Fig. 1A ) was submitted to probing studies at various temperatures. The use of DEP, sodium bisulphite, nuclease S| and RNase Tj allowed us to distinguish double stranded from single stranded regions. RNase Tj and nuclease Sj are particularly useful for the localisation of single stranded RNA. It was found that RNase Tj could not only be used under various buffer conditions but also at various temperatures up till 80°C. DEF is used for the detection of basepaired or stacked adenosine residues (10). Sodium bisulphite, which is used to convert cytidines into uridines (11), proved to be particularly suitable for the detection of tertiary interactions. The merits of the various probes used will be discussed. From the data obtained suggestions for a further refinement of the 3D model of the tRNAlike structure of TYMV RNA are given. A detailed discussion of the conformation and dynamics of the pseudoknot in the aminoacyl acceptor arm is also given.
MATERIALS AND METHODS
TYMV RNA: A 3 1 terminal fragment of TYMV RNA, 112 nucleotides in length, was isolated and end-labelled with [a-32 P]ATP (Amersham Int.) and ATP, CTP; tRNA nucleotidyl transferase as described by Rietveld et al. (1) .
Sodium bisulphite modification: The conversion of cytidines to uridines was performed essentially as described by Pieler et al. (12) . Solutions of 400 pi each, containing 1.5 M NaHSC>3 (Merck), 10 mM MgCl2, 50 ng/pl carrier tRNA and about 300.000 Cerenkov counts of the 112 n fragment of TYMV RNA were incubated for 16 hours at various temperatures (5-60°C), followed by gel filtration on Sephadex G50. The column was equilibrated in 50 mM Tris.HCl pH 9.9. Radioactive fractions were pooled and incubated at room temperature for another 16 hours and subsequently the RNA was precipitated with ethanol and lyophilised.
Detection of uridines present in unmodified RNA and cytidines converted to uridines was performed by chemical sequencing according to Peattie (13) . After the U-specific hydrazine reaction and anilin treatment the radioactive samples were dissolved in a buffer containing 20 mM sodium citrate pH 5.0, 1 mM EDTA, 9
M urea, 0.05% broraophenol blue, 0.05% xylene cyanol. Electrophoresis was on 10 or 15% polyacrylamide, 8M urea slabgels followed by autoradiography. glycerol, 150 ng/pl carrier tRNA and nuclease S^ (Sigma). The optimal time of incubation and enzyme concentration for each temperature is given in Table 2 .
The amounts of nuclease Sj used deviate appreciably from those reported by Pieler et al. (8) . Digestion was stopped by the addition of 80 pi cold ethanol followed by centrifugation. Pellets were dissolved in sample buffer containing urea and analysed on 15% polyacrylamide, 8 M urea slabgels.
RNase T| digestion: The digestion with RNase Tj (Sankyo) was carried out in 50 pi mixtures containing 50 mM sodium cacodylate pH 7.0, either 10 mM EDTA (semidenaturing) or 10 mM MgCl2 (native), 200 ng/pl carrier tRNA and 300.000
Cerenkov counts of the 112 n fragment of TYMV RNA. The optimal incubation time and RNase Tj concentration belonging to the various temperatures are given in and III (see Fig. 1A ) are modified. It appears that stem II is the most stable one in the tRNA-like structure, having a T ra which is some 5 °C higher than that of stem I and III, which unfold around 35 °C. Cytidines upstream of hairpin III
were not analysed, due to the poor resolution of this region on the Even at the lowest temperature tested (0°C) it is already heavily modified and is far more reactive than residues in other single stranded regions like the anticodon loop (A54 and A56). This means that AJQ is neither stacked nor basepaired. The intense band at the AJQ position in the autoradiographs therefore serves as a convenient internal standard during the densitometric analysis. Beside the adenines from the anticodon loop and the ACCA 3' end also the A residues in the variable loop (A44-A45) and in loop IV (A72 and A76, which are not visible in Fig. 3A ) are modified at relatively low temperatures.
The adenines in loop II behave as if they are involved in tertiary interactions (see also 1). A4 and A5 are moderately accessible over the entire temperature range, although A5 is slightly less modified compared to A4. Above 60°C this difference levels off and modification of both residues slightly increases. When the RNA is in the semi-denatured state (10 mM EDTA) it is clear that the three guanines (G13-G15) involved in the formation of the pseudoknot are no longer shielded (see Fig. 5B ). Especially the phosphodiester bond belonging to G13 is frequently cut. Like in the presence of Mg 2+ , G28 and G 37 are accessible over the entire temperature range, although the cleavage at G28 seems to be less pronounced. Also, G75 and the guanines present in stem IV are recognized by RNase ^1 even at low temperatures. The melting behaviour of G17, G39, G48 and G52 illustrates the fact that replacement of Mg 2+ leads to an overall destabilisation of the secondary structure. In this paper we describe detailed structure mapping studies using three basespecific probes and one single strand specific enzyme at a variety of temperatures and buffer conditions. This enabled us to monitor the behaviour of almost all nucleotides of the tRNA-like structure of TYMV RNA over a range of temperatures. This method not only gives insight into the conformation of the RNA but also highlights the structural dynamics. This powerful method was described for the first time by De Bruin and Klug (6) who solved the 3D structure of a mammalian mitochondrial tRNA. The information which can be obtained by the use of this method surpasses that of many other techniques.
This approach provides the method of choice especially for the structural analysis of larger RNA molecules for which X-ray diffraction or NMR studies are not practicable or even impossible. Nevertheless, chemical and enzymatic probing at various temperatures has a few drawbacks. Firstly, to determine the melting transition of individual base residues, the extent of modification or nuclease cutting has to be determined unambiguously. The latter demands for an internal reference which can be provided by a nucleotide which is known to be fully accessible over the complete temperature range. In some cases such a residue is not easy to find (see also 6). Secondly, different temperatures during the probing reactions requires different experimental conditions regarding reaction time and probe concentration. These must be optimised to ensure an average of less than 1 cut per molecule. The optimal reaction conditions described in this paper (Table 1- Alkaline: alkaline digest of the 112 n long fragment; Tj RNase: RNase Tj digestion under denaturing (9M urea, 1 mM EDTA, 55°C) conditions. Samples were analysed on 15% polyacrylamide, 8 M urea slabgels.
temperatures above 60°C enzymatic cleavage drastically diminishes (see Fig. 4 ).
Furthermore, the low pH can lead to a cutting pattern which is different from that expected at physiological pH (see also reference 23, concerning stem V).
A disadvantage of the sodium bisulphite treatment is that the first reaction The results presented in this paper (Fig. 2-5 Moreover, adenine 76 could be interdigitated between A,, and A , while the earlier mentioned G>C basepair between G and C, could be formed. Taken together this creates a structural arrangement similar to that found in tRNA.
However, the A -I reversed Hoogsteen basepair, found in tRNA, has no equivalent in the tRNA-like structure. This results from the presence of a Gresidue in loop II at position 37, which prevents the formation of a U-turn, necessary for the formation of the reversed Hoogsteen basepair. Furthermore, A-JQ and G37 display accessibilities which are not easily inferred from the model. Also, at present we have no explanation for the cleavage at G no 28
by RNase Tj under native conditions. We note that this residue is on the border of stem II and the tertiary interaction. The inconsistencies mentioned above might be resolved by future biophysical studies.
Densitometric analysis of the autoradiographs presented in this paper generally leads to sigmoidal melting curves for individual base residues. In some cases subtle differences in the melting proces within a stem region can be observed. This is illustrated in Fig.6 which shows the melting curves for the adenine residues in the anticodon stem. A51 and A47 located at the top and bottom, respectively, become accessible to DEP at somewhat lower temperatures than A49 which is located in the central part of the hairpin. This suggests that the anticodon stem starts melting from both helix termini (see also Fig.3A) . The results of the RNase Tj digestion also point to a stable core of stem III (see Fig.5A ).
It is interesting to see that the order in which hairpin I to V melt, corresponds with the free energy values calculated for each hairpin using the thermodynamic parameters given by .
Stem V which melts around 50°C under native conditions clearly has the lowest -&G value (1.5 kcal/mole). It is followed by stem I (-AG = 6.3 kcal/mole), while stem III and IV melt at a similar temperature. Stem II appears to melt at least above 80°C.
An important question raised upon the detection of pseudoknots is the one concerning their stability (4) . From our present study it is clear that the pseudoknot in the aminoacyl acceptor arm melts cooperatively with stem I under native conditions. Only in 1.5 M sodium bisulphite the tertiary interaction seems to be disrupted at a somewhat lower temperature. The significance of this finding is limited however, because the entire tRNA-like structure appears to melt at much lower temperatures than under native conditions. A solid analysis of the thermodynamic properties of pseudoknotted structures probably demands for smaller RNA fragments, harbouring the two separate hairpin structures corresponding to the stem and loop regions of the pseudoknot structure. The study of these smaller RNA fragments may be helpful in the calculation of the thermodynamic parameters for the contribution to pseudoknot stability by the two single stranded connecting loops and the effect of stacking of the two helical segments.
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